Endothelial dysfunction is observed in several cardiovascular diseases, where endothelium-dependent vasodilation is impaired by oxidative stress. However, the time course of endothelial function during the perioperative period of a minor-to-moderate surgery, and the effects of atherosclerotic risk factors and employed general anesthetics on recovery of endothelial function, are unknown. Endothelial function of 30 patients was evaluated as the reactive hyperemia index (RHI) of reactive hyperemia peripheral arterial tonometry. RHI was measured on day before surgery (control), immediately after surgery (Day 0), day after surgery (Day 1), and day 4 after surgery (Day 4) in patients with no functional limitations who were scheduled for oral and maxillofacial surgery of around 3 hours. Sevoflurane-or propofol-based anesthesia supplemented with an opioid analgesic remifentanil was employed. The control RHI was 2.26 ± 0.64. The RHI significantly decreased to the lowest level on Day 0 (1.52 ± 0.28), recovered on Day 1 (2.07 ± 0.58), and improved further on Day 4 (2.55 ± 0.83). Multiple linear regression analysis revealed that recovery of the RHI from Day 0 to Day 4 was impaired by diabetes mellitus (P = 0.0313), obesity (BMI !25; P = 0.0166), hyperuricemia (uric acid !6.0 mg/dL; P = 0.0416) and sevoflurane-based anesthesia (P = 0.0308). These findings suggest that endothelial function as evaluated by the RHI is severely suppressed on the day of a minor-to-moderate surgery, and that it improves until the 4th postoperative day on average. Recovery of endothelial function is impaired by diabetes mellitus, obesity, hyperuricemia, and sevoflurane-based anesthesia.
ndothelial dysfunction is triggered by risk factors of cardiovascular diseases. These risk factors include hypertension, diabetes mellitus, dyslipidemia, obesity, metabolic syndrome, and smoking habits, where endothelium-dependent vasodilation is impaired by oxidative stress. 1) Reactive oxygen species (ROS), which is generated by activating nicotinamide adenine dinucleotide/nicotinamide adenine dinucleotide phosphate (NADH/ NADPH) oxidase, xanthine oxidase, uncoupled endothelial nitric oxide synthase (eNOS), cyclooxygenase or mitochondrial electron transport, induce endothelial dysfunction.
2) Among these oxidase enzymes, NADH/NADPH oxidase is the most important source of ROS in the vasculature. 1) Superoxide anions, one of the main ROS, not only directly inactivates nitric oxide (NO), but are converted into peroxynitrite, whose strong cytotoxicity damages vascular endothelium and impairs endotheliumdependent vasodilation. 1) Myocardial ischemic attack after non-cardiac surgery is still a serious problem, especially in older, high-risk patients, because it independently predicts 30-day mortality. 3, 4) Furthermore, 80% of myocardial infarction after general anesthesia of non-cardiac surgery occurs until the 4th postoperative day. 5) Additionally, 67% of myocardial ischemic events occur until the 4th postoperative day in non-cardiac surgery of patients with coronary artery disease, or in those with risk factors of coronary artery disease. 6) However, no study has yet examined the time course of endothelial function during the perioperative period.
We hypothesized that even a minor-to-moderate surgery carried out under general anesthesia impairs vascular endothelial function, and that atherosclerotic risk factors and/or employed general anesthetics affect recovery of postoperative endothelial function. The current study is aimed to investigate the time course of endothelial function during the perioperative period of a minor-tomoderate surgery (oral and maxillofacial surgery), which is less likely to induce hemodynamic, respiratory, and inflammatory responses than major surgery (thoracic or abdominal surgery), and further to investigate the effects of atherosclerotic risk factors and employed general anesthetics on the recovery of endothelial function. Endothelial function was assessed by the reactive hyperemia index (RHI) of reactive hyperemia peripheral arterial tonometry.
Methods
Patients with no functional limitations aged ! 18 years who were scheduled for oral and maxillofacial surgery of around 3 hours between May 2013 and April 2014, were enrolled following approval of the Clinical Ethical Committee of the Kagoshima University Hospital. The study was designed as a prospective style, where the method of anesthesia (sevoflurane-or propofol-based anesthesia supplemented by an opioid analgesic remifentanil) was randomized using the envelope method. Written informed consent was obtained from all of patients. We included patients with cardiovascular risk factors, such as dyslipidemia (LDL-cholesterol ! 140 mg/dL, HDLcholesterol < 40 mg/dL, or triglyceride !150 mg/dL), obesity (BMI !25 kg/m 2 ), hypertension, diabetes mellitus (HbA1c !6.5% [NGSP value]), current/past smoking habits, and left ventricular hypertrophy. However, patients with peripheral artery disease, coronary artery disease, and those lacking postoperative RHI data were excluded from the study.
Endothelial function was evaluated by the RHI, 7) which is the ratio of reactive hyperemia-stimulated vasodilation at the fingertip immediately after releasing a clamp of the brachial artery to that measured at the contralateral fingertip without clamping of the brachial artery using the Endo-PAT2000 (Itamar Medical, Caesarea, Israel). Increased blood flow during reactive hyperemia is mainly mediated by NO. 8) The RHI was measured on the day before surgery (control), immediately after surgery (Day 0), on the day after surgery (Day 1), and on the 4th day after surgery (Day 4). Reference values of the flow-mediated vasodilation (FMD) for Japanese population has been proposed by the FMDJ study; 9) however, we employed RHI in order to measure endothelial function immediately after surgery.
All participants were instructed to avoid alcohol, caffeinated beverages and smoking for 12 hours. They were also asked to avoid oral intake of foods and physical exercise 3 hours before starting measurements. The subjects were in the sitting position to measure blood pressure (BP) twice at 2 pm. Each of the RHI and heart rate variability (HRV) measurements were scheduled to start at 5 pm in a compartment consulting room, which was quiet and air conditioned at 25 . Subjects were then placed in the supine position with both arms comfortably supported and all fingers relaxed. The HRV was recorded for a consecutive 3-minute period on the index finger using the APG HeartRater SA-3000P (Tokyo Iken, Tokyo, Japan). The power spectrum of the HRV was divided into very low frequency (VLF; 0.003-0.04 Hz), low frequency (LF; 0.04-0.15 Hz), and high frequency (HF; 0.15-0.40 Hz) bands. The LF/HF ratio, as well as VLF, LF and HF, was automatically calculated by the software program. Then, a pressure cuff was placed on one upper arm (study arm), while the contralateral arm served as a control (control arm). A peripheral arterial tonometry device was placed on the index finger of each hand. After a 5-minute equilibration period, the cuff on the study arm was inflated to 200 mmHg for 5 minutes, and then deflated to induce reactive hyperemia, while recording was continued for an additional 5 minutes. The data were analyzed by RHI software. When RHI was measured in the operation room immediately after surgery (Day 0), the study arm was kept uninterrupted until measurement of the RHI. Non-invasive BP monitoring during surgery was performed using the control arm, where an intravenous route with a valve to prevent backward blood flow was placed. During RHI measurement, BP cuff on the control arm was temporarily removed and the pressure cuff was placed on the study arm to clamp the brachial artery. Both arms were comfortably placed on arm supporters that were attached to the apparatus.
Routine antihypertensive medications were continued until the day of surgery. However, diuretics, angiotensin II receptor blockers, and angiotensin-converting enzyme inhibitors were discontinued on the day of surgery to minimize hypotension during anesthesia. 10) Sevoflurane-or propofol-based anesthesia, which was supplemented by an opioid analgesic remifentanil (0.1-0.3 μg/kg/minute), was performed. Tracheal intubation was facilitated by intravenous rocuronium (10 mg/kg). Patients were ventilated to maintain an end-tidal concentration of carbon dioxide at 35-40 mmHg, which was monitored using the Smart Anesthesia Multi-Gas Module (GE Marquette Medical Systems, Tokyo, Japan).
The RHI at all time points were compared with each other. The control RHI with or without each cardiovascular risk factor and two anesthesia methods were compared. , current smoking habits, hyperuricemia (UA !6.0 or < 6.0 mg/dL), and general anesthetics (sevoflurane-based or propofol-based anesthesia) were employed on the reduction of the RHI from the control to Day 0 and on the recovery of the RHI from Day 0 to Day 4. One-way ANOVA was used to compare control RHI and changes in the RHI with or without each cardiovascular risk factor and between the two anesthesia methods. Wilcoxon's signed rank test was used to test significance between the preoperative and postoperative WBC and CRP concentrations. Correlation between an increase in CRP concentration and a decrease in the RHI from the controls was analyzed by Pearson's correlation coefficient, and a relationship was fitted by simple regression. For all statistical analyses, P < 0.05 was considered statistically significant. All statistical analyses were performed using the IBM SPSS Statistics for Windows ver. 24 (IBM Japan, Ltd, Tokyo, Japan).
Results
A total of 33 patients were enrolled. Three patients were excluded from data analysis because of a lack of RHI data on Day 1 or Day 4. Therefore, a total of 120 time points in 30 patients (13 males and 17 females; mean age 48.3 ± 18.4 years) were included in the data analysis. The baseline patient characteristics are shown in Table I . The time course of SBP, DBP, and pulse rate at each time point is shown in Table II . On Day 0, SBP and DBP were significantly decreased due to stimulation of cardiac parasympathetic nerves, as well as a direct effect on peripheral vascular tone by remifentanil.
11)
The control RHI value was 2.26 ± 0.64. Control RHI with or without each cardiovascular risk factor, and that of sevoflurane-and propofol-based anesthesia are shown in Table III . There were no significant differences in each cardiovascular risk factor and employed general anesthetics. Time course of the RHI of each patient is shown in Figure 1 . The mean RHI significantly decreased to the lowest level on Day 0 (1.52 ± 0.28), which recovered on Day 1 (2.07 ± 0.58) and improved further on Day 4 (2.55 ± 0.83).
Changes in the RHI by the risk factors of atherosclerosis and employed general anesthetics are shown in Figure 2 . Reduction of the RHI from the control to Day 0 was not affected by any atherosclerotic risk factors or employed general anesthetics (Figure 2A) . However, recovery of the RHI from Day 0 to Day 4 was significantly impaired in patients aged !40 years (P = 0.0455), and in those with diabetes mellitus (P = 0.0135), obesity (BMI ! 25; P = 0.0073), and hyperuricemia (P = 0.0290) ( Figure  2B) .
Results of multiple linear regression analysis with regard to the dependence of the risk factors of atherosclerosis and employed general anesthetics on reduction of RHI (from the control to Day 0) and recovery of the RHI Ohno, ET AL Table IV . Recovery of the RHI from Day 0 to Day 4 was significantly impaired by diabetes mellitus (P = 0.0313), obesity (P = 0.0166), hyperuricemia (P = 0.0416), and sevofluranebased anesthesia (P = 0.0308), all of which showed negative standardized partial regression coefficient. However, reduction of the RHI from the control to Day 0 was neither affected by atherosclerotic risk factors nor employed general anesthetics. The WBC count significantly increased from 5582 ± 1071 mm 3 at the control period to 10431 ± 3211 mm 3 at Day 1 (P < 0.0001). CRP concentrations also significantly increased from 0.20 ± 0.72 mg/dL at the control period to 1.80 ± 1.84 mg/dL at Day 1 (P < 0.0001). An increase in CRP concentrations was not correlated with a decrease in the RHI (P = 0.2634). There was no significant relationship between recovery of the RHI and intraoperative blood loss or operation time (P = 0.9543 and 0.6494 for recovery from Day 0 to Day 4; P = 0.8102 and 0.9139 for recovery from control to Day 4, respectively).
Representative waveforms of fingertip blood flow in a male patient with hypertension and obesity (BMI = 28.5) aged 56 years at the control (A) and Day 0 (B) are shown in Figure 3 . Spontaneous vasomotor activity at the control period was completely abolished during anesthesia, which was accompanied by a reduction of the LF/HF ratio from 7.312 to 0.627.
Discussion
The findings of the current study showed that endothelial function as evaluated by the RHI was severely suppressed on the day of surgery and that recovery of endothelial function was impaired by diabetes mellitus, obesity (BMI !25 kg/m 2 ), hyperuricemia (UA levels of !6.0 mg/ PERIOPERATIVE ENDOTHELIAL FUNCTION dL), and sevoflurane-based anesthesia. One of the factors associated with the recovery of endothelial function is thought to be insulin resistance-or xanthine oxidasemediated oxidative stress. Insulin resistance impairs endothelial function via suppression of eNOS and increased oxidative breakdown of NO by superoxide anions in the rat aorta model. 12) Chronic hyperinsulinemia activates NADPH oxidase of the rat aorta, which leads to 2.4-fold higher production of superoxide anions compared with controls. 13) Meanwhile, increased UA levels are associated with oxidative stress and endothelial dysfunction.
14) Xanthine oxidase, which catalyzes oxidation of hypoxanthine to xanthine, as well as xanthine to UA, is able to transfer electrons to molecular oxygen, thus producing superoxide anions to form peroxynitrite. 15) Therefore, UA is considered to be one of the residual risks associated with progression of atherosclerosis. 16) Interestingly, sevoflurane-based anesthesia impaired recovery of endothelial function, as compared with propofol-based anesthesia. It has been reported that sevoflurane inhibits endothelium-dependent vasodilation by producing superoxide anions and/or hydroxyl radicals in the canine mesenteric artery. 17) In contrast, propofol augments vascular relaxation by increasing endotheliumderived NO in the mesenteric artery of the aging rat, 18) and propofol also inhibits production of superoxide anions and improves endothelial function of the aorta of septic rats. 19) However, no investigation has observed differences in these two general anesthetics with regard to postoperative endothelial function in humans.
Endothelial dysfunction is closely associated with the cardiac and/or cerebrovascular event rate in patients with essential hypertension, 20) and the power of endothelial function of the brachial artery for predicting cardiovascular events is equivalent to that of the coronary artery. 21) Our study showed for the first time that endothelial function after a minor-to-moderate surgery is improved until the 4th postoperative day, on average. The duration of impaired recovery of endothelial function is mostly consistent with the onset of myocardial injury after non-cardiac surgery. 5, 6) The nature of perioperative myocardial injury appears to be impairment of the subendocardial microcirculation, which is mediated by disseminated intravascular coagulation, 22) suggesting that endothelial dysfunction is also associated with a decreased anticoagulatory potential of the endothelium. 21) We cannot exclude the possibility that decreased systolic and diastolic BP during anesthesia affected the RHI value. A decreased RHI may also be attributed to impairment of vasomotor nerve activity. Sympathetic vasomotor nerves control peripheral microcirculation by firing continuously to produce subtle vasoconstriction and vasodilation, producing adequate peripheral vascular resistance to maintain BP, where the LF/HF ratio was 7.312 (Figure 3  A) . However, anesthetics and opioid analgesics inhibit sympathetic nerve activity and thus shift the sympatheticparasympathetic balance toward parasympathetic dominance. Therefore, spontaneous vasomotor activity was almost completely abolished in all subjects during anesthesia, where the LF/HF ratio was 0.627 ( Figure 3B) . As a result, the mean RHI on Day 0 was close to the cut-off value for identifying coronary endothelial dysfunction 24) although mean CRP concentration at Day 1 was as low as 1.80 mg/dL, may have affected endothelial function. However, no significant association was found between an increase in CRP concentrations and a decrease in RHI between the control and Day 0.
Our study has a few limitations. First, we did not use markers of oxidative stress, such as urinary 8-hydroxy-2'-deoxyguanosine (8-OHDG) and/or serum malondialdehyde-modified low-density lipoprotein (MDA-LDL); 25) MDA-LDL has been suggested to be a useful biomarker of vasospastic angina, which is caused by oxidative stressinduced endothelial dysfunction. 26) These markers should have been measured to clarify the association of oxidative stress in postoperative recovery of the RHI. Second, attention should be paid in evaluating our results because the number of patients included in the study was small. A larger scale study is required to confirm the current findings. Third, the current results were obtained during the perioperative period of a minor-to-moderate surgery, in which surgical invasion was not high. Therefore, even a minor-to-moderate surgery carried out under general anesthesia might primarily cause postoperative endothelial dysfunction. However, our findings may not automatically be applicable to the perioperative period of major surgery in which postoperative hemodynamics and respiratory function are notably affected, or systemic inflammation is augmented.
In conclusion, endothelial function as evaluated by the RHI is severely suppressed on the day of a minor-tomoderate surgery, and then improves until the 4th postoperative day on average. Recovery of endothelial function is impaired by diabetes mellitus, obesity, hyperuricemia and sevoflurane-based anesthesia.
